Abstract: Ultrafast dynamics of molecules at solid-liquid interfaces are of outstanding importance in chemistry and physics due to their involvement in processes of heterogeneous catalysis. We present a new spectroscopic approach to resolve coherent, time-resolved, two-dimensional (2D) vibrational spectra as well as ultrafast vibrational relaxation dynamics of molecules adsorbed on metallic thin films in contact with liquids. The setup is based on the technique of Attenuated Total Reflectance (ATR) spectroscopy which is used at interfaces between materials that exhibit different refractive indices. As a sample molecule we consider carbon monoxide adsorbed in different binding configurations on different metals and resolve its femtosecond vibrational dynamics. It is presented that mid-infrared, multi-dimensional ATR spectroscopy allows for obtaining a surface-sensitive characterization of adsorbates' vibrational relaxation, spectral diffusion dynamics and simple inhomogeneity on the femtosecond timescale. 
ABSTRACT
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Coherent two-dimensional spectroscopy, attenuated total reflectance, vibrational dynamics, infrared, interfaces, adsorbates, carbon monoxide Vibrational dynamics at interfaces are at the forefront of current interest in time-resolved spectroscopy. [1] [2] [3] [4] [5] In particular, vibrational spectra and dynamics on timescales of femto-to picoseconds for molecules adsorbed on solid substrates bear important information on processes such as photo-induced chemical reactions, interaction of samples with local environment and molecular structure. In this context, solid-liquid and solid-gas interfaces are important samples since they are involved in heterogeneous catalysis of chemical reactions. [6] [7] [8] A versatile method for gaining vibrational and structural information about molecules at interfaces is Attenuated Total Reflectance (ATR) infrared (IR) spectroscopy. [9] [10] [11] Stationary ATR IR spectroscopy is widely applied to obtain linear vibrational spectra of a broad range of samples including self-assembled monolayers 12 , heterogeneous catalyzed reactions 9 or biochemical systems 13 . It is thus astonishing that no attempts have been made as of yet to combine the ATR IR technique with established methods from ultrafast, multi-dimensional spectroscopy. Exactly this path is taken here by merging two extremely powerful methods of vibrational spectroscopy, i.e. ATR IR and femtosecond, pump probe and two-dimensional (2D) IR spectroscopy [14] [15] [16] . Using an ATR sample cell in a 2D IR spectrometer, it becomes possible to fully characterize vibrational dynamics and acquire multi-dimensional spectra of molecules at surfaces. With carbon monoxide (CO) adsorbed at different metal surfaces as a reference system, we report on pump probe and 2D ATR IR signals of molecules adsorbed from the liquid phase at different thin-film metal-water interfaces.
Our method uses a single-reflection ATR cell with a CaF2 prism as a substrate (Scheme 1).
Using CaF2 as an ATR material avoids multi-photon IR absorption of pump pulses which occurs in alternative substrates such as ZnSe, Ge or Si. The ATR cell is combined with a 2D
IR setup in pump probe configuration 17, 18 (red) which correspond to linear-and bridged/multi-bound CO, respectively. 20 The bands exhibit a width of about 30 -40 cm -1 , typical for CO on thin metal-layers. This slowly decaying signal originates from a photo-excitation process of the metal electrons near the Fermi-edge: starting from a non-equilibrium electron distribution directly after mid-IR excitation, energy redistribution predominately to lattice phonons of the metal, or surrounding molecules (e.g. solvent) quickly (<< 1 ps) establishes a hot electron distribution near the Fermi-edge as well as a vibrationally-excited lattice. 3, 21 Both of these contributions subsequently cool down again on timescales of multiple tens to hundreds of picoseconds, depending on the employed experimental conditions. Details about the observed dynamics will be presented elsewhere. Fitting of the pump probe data (Fig. 2 (c) , blue symbols) with a double exponential function (black line) reveals time constants for the CO-and metal-related signals as 3.6 ps and > 400 ps, respectively. The obtained 2D IR spectra moreover give an explanation of shapes and spectral evolution of the congested pump probe spectra (Fig. 2) . Consider for instance CO on Pt which shows initially strongly separated ESA and GSB/SE signals ( Fig. 2 (a) ). At 0 ps, the 2D spectrum ( Fig. 3 (a) ) shows elongated GSB/SE and a similarly influenced ESA signal (~2020 cm -1 ).
Projection of the 2D spectrum onto the probe axis results in partial cancellation at the bluedetuned wing of this ESA signal which shifts of the ESA maximum to lower frequencies. As relaxation proceeds, this cancellation of ESA and GSB/SE signals is diminished due to the rotation of ESA and GSB/SE bands. Finally, 2D IR spectra at various population times report on spectral diffusion as local sample environments interconvert. 14 A measure for spectral diffusion is represented by the temporal changes of the nodal slope between ESA and GSB/SE signals in 2D IR spectra (Fig. 4 ). The above presented results highlight the capabilities of ultrafast, multi-dimensional ATR spectroscopy for studying vibrational dynamics of molecules at metal-liquid interfaces.
Surface-adsorbed CO has been investigated previously with numerous techniques, including FT-IR ATR spectroscopy. 19, 26, 27 Our data correspond well to these previous reports in terms of asymmetric band shapes, positions or intensities. With regard to ultrafast measurements, vibrational relaxation of adsorbed CO has also been investigated by use of different methods and yielded time constants that lie in a rather broad range of 2 -8 ps. To the best of our knowledge, only a single work investigated multi-dimensional signals of adsorbed CO by use of heterodyne-detected Sum-Frequency-Generation (SFG) spectroscopy. 31 Although different preparation conditions for metal surfaces and sample solutions were used in these experiments, values for, e.g. anharmonicities from 2D spectra are similar (22 cm -1 ) 31 as derived here and sample inhomogeneity has been pointed out as well.
However, no characterization of vibrational dynamics were reported. Here, we unraveled such dynamics using 2D IR ATR signals which report on spectral diffusion and quantification of static inhomogeneity as well as vibrational relaxation dynamics for linear and bridged CO.
One certainly powerful advantage of 2D IR spectroscopy is the possible resolution of vibrational coupling or energy transfer by identification of cross-peaks between bands in the 2D IR spectra. 14 Regarding results on surface absorbed CO, cross-peaks may be thought to appear between linear and bridged bound CO molecules or between subsets of oscillators within the asymmetrically broadened band for linear CO. From the current data (Fig. 3) , such features can, however, not be identified unambiguously, allowing for the conclusion that, e.g.
interaction between different CO binding configurations is very low or even negligible.
In the context of spectral, temporal and structural information of molecules at interfaces, femtosecond SFG spectroscopy is the most commonly used approach for obtaining such information. 1, 2, 4, 31 In contrast to ATR spectroscopy, SFG exploits combinations of IR and visible laser pulses to derive vibrational spectra of molecules in exclusively non-centrosymmetric environments. SFG has even earlier been demonstrated to yield phase-sensitive 2D
IR spectra and dynamics. 2, 31 However, especially when high temporal resolution and phasesensitive, multi-dimensional information is sought, SFG spectroscopy is experimentally more demanding compared to ATR. This is due to the fact that SFG involves creation of multiple beams with different frequencies and phase-stability in the visible. 31 On the other hand, SFG has the great benefit not to be restricted to interfaces involving solids which allows a broader range of samples to be studied.
In conclusion, we have presented a versatile approach for resolving multi-dimensional, ultrafast, vibrational dynamics of molecules adsorbed at interfaces by Attenuated Total
Reflectance spectroscopy. Specifically, we have measured pump probe and 2D IR spectra of linear-and bridged-bound CO on Platinum and Gold/Palladium thin layers adsorbed from aqueous solutions. A broad range of aspects of vibrational dynamics have been characterized in detail including vibrational relaxation, spectral diffusion, as well as information concerning congested transient spectra, anharmonicity and static sample inhomogeneity. The results demonstrate that a 2D IR experiment can be straightforwardly upgraded for studying ultrafast dynamics with surface-sensitivity. 2D ATR IR spectroscopy thus has the potential to result in a broad range of applications for ultrafast, interface-related research.
EXPERIMENTAL
Infrared beams are generated from a single optical parametric amplifier (OPA) 32 Mach-Zehnder interferometer is introduced to the pump beam, delivering replica of pump pulses (pu/pu') as described elsewhere 18 . ATR prisms (10 x 10 mm, CaF2) are sputter-coated with metal films (< 1 nm) whose thickness is determined with a quartz-microbalance. Pu/pu' The solution is slowly flown at the metal-coated surface of the CaF2 prism. CO adsorption is monitored by recording in-situ, stationary ATR spectra. Adsorption is complete within a few minutes and is constant during experiments, indicating good stability of the metal layer for at least 3 -4 h.
